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Abstract: A proportional-integral (PI) controller is designed for thyristor-controlled series 
compensators (TCSCs) to improve the damping for power system oscillations. To maintain a good 
damping characteristic over a wide range of operating conditions, the gains of the PI controller are 
adapted in real time, based on online measured transmission line loadings (real and reactive power 
flows). To speed up the online gain adaptation process, an artificial neural network whch is capable 
of performing complicated computations in a parallel, distributed manner is designed. A major 
feature of the proposed adaptive PI controller is that only physically measurable variables (real and 
reactive power flows over the transmission line) are employed as inputs to the adaptive controller. To 
demonstrate the effectiveness of the proposed adaptive TCSC controller, computer simulations are 
performed on a power system under disturbance conditions. It is concluded from the simulation 
results that the proposed adaptive TCSC controller can yield satisfactory dynamic responses over a 
wide range of operating conditions. Low-frequency oscillations in the frequency range 0.3-2Hz have 
been effectively damped by the proposed compensators. 

1 Introduction 

The application of thyristor-controlled series compensators 
(TCSCs) to increase the power transfer capability of trans- 
mission lines has received much attention in recent years 
[l, 21. The effect of TCSCs on the performance of a power 
system has been examined from a steady-state as well as a 
dynamic viewpoint [l, 21. In the present work, the way in 
which power system stability is affected by TCSCs as a 
result of modulation on the power flow over a transmission 
line will be of major concern [3, 41. 

Numerous works on the effect of TCSCs on power sys- 
tem stability have been reported recently [3-151. The basic 
concept of how the damping of power system oscillations is 
affected by TCSC power modukation is given in [5, 61. The 
state feedback controller [I, variable-structure controller [8] 
and fuzzy logjc controller [9-111 were designed for the 
TCSC to improve the stability of the power system. 

Note that generator rotor angle, angular speed and other 
variables whch are normally not available at the TCSC 
substation were employed as inputs to the TCSC controller 
in [5-10]. To estimate the required phasekpeed states from 
the measured real power flow at the location of the TCSC, 
a signal conditioning system comprising reset filters and 
integrators was developed in [l 11. In [12, 131, a pair of 
remote voltages were synthesised using the voltages and 
currents measured at the terminals of a TCSC and the 
Thevenin impedances. Then the synthesised angle signal 
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was computed as the difference between the phase angles of 
the two synthesised voltages. This angle signal was 
employed for damping control. In a recent work by Choi et 
al. [14], a performance index was defined to quantify the 
overall power imbalance in the system and a state estimator 
was needed to determine the rate of change of this per- 
formance index with respect to the TCSC reactance. 

In contrast to the works in [l l-141 which required a sig- 
nal conditioning system, voltage synthesiser or estimator to 
generate the control inputs to the TCSC, deMello [15] 
examined the control of TCSC reactance using the rate of 
change of the measured throughpower in series branches as 
the controller input. Analysis and simulation results indi- 
cated that the damping had been improved by the pro- 
posed rate feedback controller. 

In the present work, an output feedback proportional- 
integral (PI) TCSC controller is designed. As in [15], only 
the measured real and reactive power flows through the 
transmission line which are available at the TCSC substa- 
tion will be employed as inputs to the TCSC controller. 
Unlike the TCSC controller in [15], the controller gain of 
which was designed based on a nominal operating condi- 
tion and remained fixed no matter how the system operat- 
ing conditions and line loadings changed, the controller 
gains in the proposed PI controller are adapted in real time 
based on the system operating conditions. The main reason 
for adapting the controller gains in real time is to keep the 
same damping effect under different loading conditions. In 
the literature, adaptive controllers or self-tuning controllers 
for both static VAR compensators (SVCs) and power sys- 
tem stabilisers (PSSs) have been applied to improve the 
damping of low frequency oscillations [16, 171. A major dis- 
advantage of these adaptive controllers is that system iden- 
tification and gain determination require much 
computational effort in real time. To overcome this diffi- 
culty, artificial neural networks (ANNs) which are capable 
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of performing complicated computations in a h a y  dis- 
tributed, parallel manner have been employed to tune the 
parameters of PSSs and SVCs in a very efficient manner 
[18, 191. 

In the present work, the controller gains of the adaptive 
PI controller for the TCSC are determined by an ANN. 
The inputs to the ANN include the measured real and reac- 
tive power flows through the transmission line and the out- 
puts from the ANN are the desired PI controller gains. To 
demonstrate the effectiveness of the proposed adaptive con- 
trol scheme based on ANN, time-domain simulations are 
performed on a power system equipped with various con- 
trollers, including an adaptive TCSC controller, fured-gain 
TCSC controller, adaptive PSS and fixed-gain PSS. It is 
concluded from computer simulation results that the sys- 
tem damping characteristic can be improved by the pro- 
posed adaptive TCSC controller over a wide range of 
operating conditions. Low-frequency oscillations in the fre- 
quency range 0.3-2Hz have been effectively damped by the 
proposed compensators. 

2 System model 

The system under study is a synchronous generator con- 
nected to a large power system through a transmission line 
equipped with a thyristor-controlled series compensator 
(TCSC) as shown in Fig. 1. The variable series compensa- 
tion XTcsc provided by the TCSC is controlled by a TCSC 
controller. 
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Fig. 2 shows a block diagram of the generator, exciter 
and power system and the proposed artificial neural net- 
work based adaptive TCSC controller. The TCSC and its 
controller can be described by a set of three differential 
equations. 

The TCSC controller is a proportional-integral (PI) con- 
troller with the real power PE over the transmission lines as 
its input. To keep good damping effects under disturbance 
conditions, the controller gains Kp and Kl are adapted in 
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ANN 

real time by the ANN, based on the online-measured real 
power PE and reactive power QE over the transmission line. 

To simulate the dynamic responses of the system under 
disturbance conditions, a complete nonlinear generator 
model [20] is used. The model is described by a set of seven 
nonlinear differential equations. Details for the seven differ- 
ential equations can be found in [20]. The excitation system 
used in this work is an IEEE type 1s system which can be 
described by two first-order dlfferential equations [20]. 

The overall model of the generator, exciter and power 
system equipped with a TCSC controller can be described 
by the following equations: 

X ( t )  = f ( X ( t ) , u ( t ) )  (1) 

Y ( t )  = S ( X ( t ) )  (2) 
where X(t) is the state vector, u(t) is the control signal 
XTcsc and Y(t) = [PE] is the output vector. 

The power system stabiliser used for comparison with the 
proposed controller is also a proportional-integra1 control- 
ler with the generator speed deviation as its input. 

3 

In the design of a PI TCSC controller, first the nonlinear 
equations of the study system are linearised around a nom- 
inal operating condition, and then the pole assignment 
method in modal control theory [21] is applied to deter- 
mine a proper set of controller parameters T,, Kp and KI 
such that the oscdlatory mode can be effectively damped. 

The linearised nonlinear equations are of the following 
form: 

Design of fixed gain controller 

X ( t )  = A X ( t )  + Bu(t)  (3) 

Y ( t )  = C X ( t )  (4) 
Then, the eigenvalues of the system without a controller 
can be computed and are summarised in the first column of 
Table 1. 

Table 1: System eigenvalues at P = 1.0, 0 = 0.6, V, = 1 .O 

Open-loop system With fixed-gain TCSC With fixed-gain PSS 

-0.704 2 J376.953 -26.399 f 2332.31 1 -0.704 * j376.953 

-6 .845 * $21 ,699 -48.405 j4.580 -2.651 * j19.980 

0.135 * ~9.953 -4.5 * j10.681 -4.5 * j10.681 

-47.88 -5.6 2 $20.037 -47.63 

-44.73 -437.29 -44.1 8 

-2.4 -1.92 

-1.01 -1 

It is observed from Table 1 that the electromechanical 
mode (characterised by the pair of eigenvalues 0.135 2 
jl.953) is negatively damped and the eigenvalues for this 
mode should be shifted leftward to more desirable locations 
by a PI TCSC controller or a PI PSS. If the pair of eigen- 
values ~ 4.5 kj10.681 are selected as the desired locations, 
the TCSC controller gains can be determined as Kp = 
0.178503 and KI = -0.00802. The PSS gains can also be 
determined as Kp = 10.906 and KI = 0.0764 under the oper- 
ating condition of P = 1.0 and Q = 0.6. 

The eigenvalues for the system equipped with the TCSC 
controller and the PSS are listed in columns 2 and 3 of 
Table 1, respectively. It is observed from Table 1 that 
damping for the electromechanical mode has been 
improved to a great extent by both TCSC and PSS. 
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4 Application of ANN to adapt TCSC controller 
gains 

The multilayer feedforward artificial neural network shown 
in Fig. 3 [22] wdl be used in this work to adapt the control- 
ler gains of both the PI TCSC and PI PSS in real time. 
Detailed descriptions of this neural network and its applica- 
tion to power systems can be found in [18, 231. Before the 
ANN can be used to adapt the controller gain in real time, 
it is necessary to determine a proper set of values for the 
connection weights wii. The process of reachmg the connec- 
tion weights is normally carried out offline and is usually 
referred to as the training process. In the training process, 
we first compile a set of training patterns and store these 
training patterns in the training set. Each training pattern 
comprises a set of input data and the corresponding output 
data. In the present work, the measured real power flow PE 
and reactive power flow QE through the transmission line 
are used as the inputs to the ANN. For a pair of PE and 
QE, we can proceed to determine a set of PI controller 
gains (K  and KI) using the pole assignment method, and 
the re& are employed as the ANN output. It is noted 
that the inputs to the ANN must be replaced by generator 
real power P and reactive power Q when the ANN is used 
to adapt PI controller gains for the PSS. 

+ K p  4 KI network output 

Fig. 3 Multilayer fieqonvard artificial m u 1  network 

hidden 

ut 

ANN using more training patterns. It should be noted that 
we use two hidden layers with ffteen hidden nodes per 
layer in the present work. The momentum constant a is 
fixed at 0.9 and an adaptive learning rate as described in 
[23] is employed. 

5 Simulation results 

To demonstrate the effectiveness of the proposed adaptive 
TCSC controller, the dynamic responses of the system 
subject to a 0.lp.u. step change in mechanical torque ATm 
lasting for five cycles are examined. Fig. 4 illustrates the 
response curves of the system without PSS, TCSC and 
TCSC controller under the operating conditions P = 
l.Op.u., Q = 0.6p.u. and V, = l.0p.u. 

As mentioned in the previous Section, for the open-loop 
system, the electromechanical mode is poorly damped. 
Therefore, in creating training patterns for training the 
ANN, this mode is shifted to the region on the complex 
plan as described below: 

-4.5 5 Re(X) 5 -1.0 Im(X) = 10.681 (5) 
where the lower bound of the region is selected to be the 
same as that in the fEed-gain design procedure for compar- 
ison. After assigned poles have been determined, the fol- 
lowing process can be employed to create training patterns 
and to train neural networks for both the TCSC and PSS. 

For every possible combination of PAP) and QAQ) 
within the region of interest (0.6 s PdP) 5 1.5, -0.4 s 
QAQ) s 1.0), we can compute a pair of desired controller 
gains. If it is impossible to find a proper pair of controller 
gains for a certain operating point, it is recommended that 
the real part and imaginary part of the eigenvalues as 
described in eqn. 5 be modfied. However, the range speci- 
fied in eqn. 5 works well in all the test cases in this study. 
The real power and reactive power and the corresponding 
PI controller gains for any operating condition constitute a 
training pattern. These training patterns are stored in the 
training pattern set for the purpose of determining the con- 
nection weights. To obtain robust control with a satisfac- 
tory damping effect, the training patterns must be chosen 
to cover all possible network conditions. If the trained 
ANN fails to give a satisfactory damping effect under cer- 
tain operating conditions, it is necessary to retrain the 
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The two different design techniques explained previously 
are applied to design both the PSS and TCSC controllers. 
Time-domain simulations of the test system are performed 
under three different loading conditions, i.e. P = 1.0 and Q 
= 0.6, P = 1.2 and Q = 0.4 and P = 0.85 and Q = 0.4. The 
response curves for these three cases are shown in Figs. 5 
and 6, 7 and 8, 9 and 10, respectively. 

6 Discussions 

From the results in Figs. 410 ,  the following observations 
are made: 
(a) As evidenced by the response curves in Fig. 4, the sys- 
tem without any controller is unstable. This is as expected 
since the electromechanical mode (characterised by the 
eigenvalues 0.135 2 19.953 in Table 1) has negative damp- 
ing. 
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(b) As shown in Fig. 5, the unstable electromechanical 
mode is damped as the fuced-gain proportional-integral 
TCSC controller is added. This is as expected since the PI 
TCSC controller will shift the eigenvalues for the mode 
from 0.135 2j9.953 to 4 . 5  kj10.681 as shown in Table 1. 
The installation of a PI PSS on the generator has a similar 
effect on the system, as shown by the response curves in 
Fig. 6. 
(c) No significant difference is observed between the 
response curves from the fured-gain TCSC controller and 
those from the adaptive controller in Fig. 5. This is as 
expected since the gains of the fuced-gain PI TCSC control- 
ler have been determined under the loading of P = 1.0 and 
Q = 0.6, which is exactly the operating point at which we 
are testing controller performance. In other words, the 
adaptive controller and the fuced-gain controller give simi- 
lar response curves under the operating point at which the 
fuced-gain controller gains arc determined. However, as the 
operating point changes, the damping for the system with a 
fuced-gain TCSC controller may deteriorate while a good 
damping effect can still be maintained in the system with 
an adaptive TCSC controller. This is evidenced by the 
response curves in Figs. 7 and 9, where better dynamic 
responses are observed for the system with the adaptive 
controller than for that with the fuced-gain controller. 
(d) It is observed from Figs. 5-10 that the proposed ANN 
based adaptive TCSC controller not only improves the 
damping of system oscillations, which can be predicted by 
eigenvalues, but also improves the transient responses dur- 
ing the first swing period when the power system experi- 
ences highly nonlinear characteristics. However, since the 
capacity of TCSC is usually limited by economic considera- 
tions, the damping effect may be limited when the system is 
subject to a major disturbance such that the TCSC limit is 
reached. 
(e)  In the adaptive controller without ANN [17], system 
parameters must first be estimated by a recursive-least- 
squares (RLS) method, which includes a rather time-con- 
suming recursive process. Then the controller gains are 
computed using these parameters. Since these parameters 
change to a great extent during disturbance conditions, it is 
necessary to estimate these parameters online to have good 
damping effects. However, the ANN is trained offline and 
the adaptive controller with ANN does not require online 
estimation and training. Thus, the ANN based adaptive 
controller is more efficient in online applications than the 
adaptive controller without ANN. 
(f) By comparing the response curves in Figs. 6, 8 and 10 
for the system with PSS, it is also observed that the adap- 
tive PSS can offer better dynamic responses than the fixed- 
gain PSS, as the operating point changes from the nominal 
point at which we design the fixed-gain PI PSS. 
(g) It is interesting to compare the responses from the 
TCSC and PSS in Figs. 5-10. The TCSC yields better 
dynamic responses than the PSS. This observation holds in 
either the fixed-gain controller case or the adaptive control- 
ler case. The difference is even more significant when we 
examine the terminal voltage response. In fact, relatively 
great voltage deviation is a major disadvantage of the PSS 
when it is used to stabilise low-frequency oscillations [20]. 
(h)  The PSS is relatively cheaper than the TCSC. However, 
the TCSC is installed mainly to increase the power transfer 
capability of a transmission line. Once the TCSC is com- 
missioned, stability enhancement can be achieved at little 
additional cost of the PI or adaptive damping controller. In 
systems which do not require transfer capability enhance- 
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ment, it is suficient to employ a PSS to improve system 
damping. 

7 Conclusions 

A novel tuning technique based on ANN is proposed to 
adapt the PI controller gains of both TCSC and PSS to 
improve the dynamic performance of a power system. A 
major feature of the proposed adaptive TCSC controller is 
that only physically measurable real power and reactive 
power signals near the location of the TCSC are needed. 
The controller gains can be determined by the ANN in real 
time over a wide range of operating conditions. This makes 
the proposed TCSC controller relatively easy for practical 
implementation. Simulation results indicated that the pro- 
posed adaptive control scheme can provide an effective 
means for improving the damping characteristic of the 
power system. 
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